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The most compelling question in particle physics

• Much of the universe is composed of matter that does 
not interact with photons, and is not consistent with the 
standard model.   

• What is the particle nature of dark matter? 

2

Cluster MACS J0025.4-1222. Blue 
shows mass distribution from 
gravitational lensing; red shows 
ordinary matter from x-ray imaging

NASA, ESA, CXC, M. Bradac, and S. Allen
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The dark sector

• Currently, there is considerable focus on “dark sector” 
models of dark matter. 
  - Dark matter particles are light, typically < few GeV/c2  
  - Requires new dark force carriers, which have feeble 
interactions with the standard model. 
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Dark Sector Physics at High-Intensity Experiments 3

Objectives and structure of this report. This report summarizes the scientific importance of and
motivations for searches for dark-sector particles below the EW scale, the current status and recent progress
made in these endeavors, the landscape and major milestones motivating future exploration, and the most
promising and exciting opportunities to reach these milestones over the next decade. We summarize the
di↵erent experimental approaches and we discuss proposed experiments and their accelerator facilities. In
addition, as part of the Snowmass process, we defined three primary research areas, each with associated
ambitious—but achievable—goals for the next decade. This categorization is motivated, in part, by how we
search for DM in di↵erent scenarios. When DM is light, portals to the dark sector allow its production and
detection at accelerators (e.g., in mediator decay if the DM is lighter than half of the mediator mass, or
coupled through an o↵-shell mediator). In fact, accelerators can probe DM interaction strengths motivated
by thermal freeze-out explanations for the cosmological abundance of DM. If DM is heavier, the mediator
decays into visible SM particles. In addition to thermal DM models, visible mediators also arise in theories
that address various open problems in particle physics (e.g., the strong-CP problem, neutrino masses, and
the hierarchy problem). A third scenario is where the dark sector is richer, which can lead to decays of
the mediator to both DM and SM particles, or to other final states not considered in the standard minimal
benchmark models. Each of these research areas is discussed in detail in this report.

Theoretical Framework

The leading possible interactions between ordinary and dark-sector particles, classified below, are known
as portals. The strength of portal interactions can be naturally suppressed by symmetry reasons, and can
arise only at higher orders in perturbation theory. Figure 1 shows a schematic representation of the dark-
sector paradigm. This simple scenario where dark-sector particles only couple indirectly to ordinary matter
naturally leads to feeble interactions, and opens the door to the possibility that BSM physics may exist
below the EW scale. In fact, the mass of dark-sector particles might be naturally light if protected by some
symmetry (this is the case, e.g., for ALPs). In addition, the inherently feeble interactions of dark-sector
matter with ordinary matter provides a natural thermal-production origin for DM for the case where DM
is light, extending the well-known WIMP miracle to lower mass scales. Due to the Lee-Weinberg bound,
light mediators are generically needed if DM is at or below the GeV scale. Therefore, testing the dark-sector
hypothesis requires innovative high-intensity experiments, not necessarily high energies.

The landscape of potentially viable dark sectors is broad with many regions largely untested experimentally
and unexplored theoretically. Even so, the physics of dark sectors can be systematically studied using the
few allowed portal interactions as a guide. The gauge and Lorentz symmetries of the SM greatly restrict how
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Figure 1. Cartoon schematic of the dark-sector paradigm. The same complexity observed in ordinary
matter, as described by the Standard Model, may also be present in the dark sector. Interactions between
the Standard Model and the dark sector can arise via the so-called portal interactions.

Community Planning Exercise: Snowmass 2021

Gori, Williams et al,  
arXiv 2209.04671 (2022)
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Searching for the dark sector in the laboratory

• Extensive, world-wide effort, 
including a large number of 
dedicated projects. 

4FIG. 3: Minimal vector portal model. Existing constraints (gray shaded region) and future

experimental projections (colored contours) are shown in the mA0 � ✏ plane. The existing

bounds are from Refs. [8–27]. Also shown are projections from a number of existing and

proposed future experiments, including DUNE [28], Belle II [29, 30], LHCb [31], FASER

and FASER2 [32, 33], HPS [34], NA62-Dump [3], LDMX [35], DarkQuest [36], APEX [37],

Mu3e [38], DarkLight [39], FACET [40], REDTOP [41], MUonE [42], SHiP [43], and a

muon beam dump experiment [44].

equilibrium for freeze-out predicts one such target [52]. In Forbidden Dark Matter scenarios,
DM instead annihilates to heavier states, such as visibly-decaying dark photons with masses
and kinetic mixings in range of future searches [53]. Going to heavier dark photons motivates
Not Forbidden Dark Matter, where the mediator is too heavy to permit even suppressed
2 ! 2 annihilations, so 3 ! 2 annihilations determine the DM relic abundance. Again, using
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Batell, Blinov, Hearty, McGehee, 
arXiv 2207.06905 (2022) 
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Outline

• Belle II and SuperKEKB 

• Dark sector searches — overview 

• Dark photon / with dark Higgs 

• Lμ - Lτ Z′  

• Axion-like particles
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Belle II and SuperKEKB
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Belle II at the SuperKEKB e+e- collider in  
Tsukuba, Japan

• Almost total upgrade 
of Belle for better  
performance and  
higher rate capabilities. 

• Better vertex tracking;  
Much larger drift chamber ⇒ excellent momentum and 
mass resolution; 
Advanced particle identification (π / K separation). 
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• Key for dark sector: 

• clean e+e- environment; 

• loose triggers (single γ, single track); currently, some 
are very loose. Displaced vertex under 
development. 

• (in the long run) high luminosity.
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SuperKEKB

• World’s highest instantaneous luminosity collider,  
5 × 1034 cm-2s-1. But slow progress towards target of  
6 × 1035 cm-2s-1.

9

2025/12/18 4

Integrated luminosity in 2025c 

Delivered: 28.7 fb-1
Recorded: 24.0 fb-1 + 1.0 fb-1 (for CDC special run)

~2.2 fb-1/day
Started physics runs on November 18

Abort kicker failure
Blackout

Pressure rise in RF D05

CDC special run

Remark of 2025c
• Many machine troubles à lower physics run time
• Challenges in reaching high luminosity à lower lumi
• Fewer beam aborts during physics runs

Vacuum scrubbing

CDC special run

Ref: Belle II record: 2.5 fb-1/day

~600 fb-1 
à 400 fb-1 needed to reach 1 ab-1

total = 600 fb-1; 
BaBar 500 fb-1 
Belle 1000 fb-1 
goal: 50,000 fb-1 

long shutdown 1 to install 
two-layer pixel detector 
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• Issues include: 

• Low injection efficiency (high backgrounds, lower 
beam current); 

• Beam-beam interactions that prevent the necessary 
beam squeezing; 

• Sudden beam loss.
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Sudden beam loss

• Operations in 2024 were interrupted by a number of 
sudden beam losses that deposited large amounts of 
radiation in the vertex detectors and final focus. 

• Some damage to new pixel detector. Has been off 
since May 2024.  

• Numerous final focus magnet quenches. 
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• Major source now understood to be the use of 
“vacseal” vacuum sealant.  

• Cleaning various surfaces has reduced SBL rate by 
~6× in 2026 running, but more is needed. 

• Various interventions have produced higher overall 
backgrounds (vacuum quality). 
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3

Accelerator stability
● SBL rate not reduced by flipping pipes. Won’t flip remaining ones.

● Pressure bursts locate SBL sources.

● Nov 6: Vacseal found to produce stains + dust. Cleaning reduced SBL rate.

– Clean and remove more vacseal this year. Source of all SBL?

● Studied beam-beam interaction

– Larger βx at injection

– Smaller βx at IP

– Tune scan

● New diamond thresholds
worked well.

– Fewer aborts from
harmless injections
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Long range plan — not yet approved
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2025-2026 Run

★ Cont. SBL
     ★ Update Beam injection
                      ★ squeezing Beam

Long Plan of SuperKEKB 

2026(spring) target 
Integrated Lumi > 1 ab-1

L> 1035 cm-2 s-1

are considered. 

5

2032~
QCS (Nb3Sn) or (NbTi)

We have to fix LS2 plan

New Joint Advisory committee
 will discuss  about LS2 plan

From April 
 We will visit 
 to your FA
 about 
 1) Situation SUPERKEKB
 2) Status of Belle 2
 3) LS2 Plan 
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• Long shutdown 2: 2032–2033. Plan is to include new 
final focus magnets.  

• New vertex tracker (acceptance goes from 17° to 20° 
in forward direction). 

• Leaning towards a new drift chamber (lifetime). 
  - may replace inner part with a fast timing layer.  

• TDR 2027. 
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Belle II competitiveness 

• Although our data set is less than Belle, and comparable 
to BaBar, we are producing world-class physics: 

• better detector 

• better triggers 

• better analysis techniques 
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Dark sector searches — overview
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Dark sector searches at Belle II

• Most of our searches involve final states that include no 
more than four particles (“low multiplicity”).  

• Signals appear as: 
  - a peak in the invariant mass of a pair of standard 
model particles; 
  - a peak in the “missing mass” recoiling against the 
visible particles;   
  - or both.  

pinvisible = pe+ + pe− − pvisible
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• Dark sector ⇒ feeble connection to standard model 
⇒ non-negligible lifetime. Starting to use displaced 
vertices. 

• Some searches in B decays. 
  - e.g. couplings to W or top. 

• Analyses are generally optimized and presented in the 
context of a particular model. I will focus today on 
more “standard” models; we also have a variety of 
analyses focused on more exotic cases. 
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Dark photon / with dark Higgs
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Dark matter / dark sector / dark photons

• Particularly straightforward model: dark matter  plus 
dark photon A′, which mixes with strength ε with the . 

• Dark matter is in thermal equilibrium in the early universe 

• The resulting dark matter relic density depends on the 
parameter ; there are specific 
combinations of parameters that give the observed value.

χ
γ

y = ε2αD(mχ /mA′￼
)4

20

and vice-versa

coupling of dark photon 
to dark matter, 𝒪(1)

Different process if  ; 
less predictive

mχ > mA′￼
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Dark photon production and decay

• So far, we assume dark photon mass < 10 GeV/c2. 
Produced on-shell via initial state radiation: 

• If kinematically allowed , dark  
photon decays to dark matter (~100%).

mA′￼
> 2mχ

21

“invisible”
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• Otherwise, dark photon decays like a virtual photon of 
mass .  mA′￼

22

“visible”

L¼ LSM þLDS þ
1

2
m2

XX
μXμ − gXjXμXμ −

ϵ
2 cosθW

BμνXμν;

ð8Þ

where LSM is the SM Lagrangian, LDS is the dark sector
Lagrangian involving only non-SM states, mX is the mass
parameter of the new gauge boson, gX parametrizes the
coupling to SM currents, and ϵ parametrizes the kinetic
mixing term. Note that, even if the kinetic mixing term is
absent at tree level, it can be loop induced by fields charged
under both gauge groups. Importantly, even if the kinetic
mixing term is forbidden by, e.g., embedding Uð1ÞX in a
larger, non-Abelian gauge group, nonzero values of ϵ can be
induced at loop level when the larger gauge group is broken.
In the following, we present FASER’s reach for new light

gauge bosons in three simple cases. We begin in Sec. IVA
with dark photons, where the only coupling between the
new gauge boson and the SM is through kinetic mixing. We
then discuss scenarios with Uð1ÞB−L and Uð1ÞLi−Lj

gauge
bosons, where there is no kinetic mixing at tree level in
Secs. IV B and IV C, respectively.

A. Benchmark V1: Dark photons

The dark photon Lagrangian extends the SM Lagrangian
with the following terms:

L ⊃ − ϵ0

2
FμνF0μν þ 1

2
m02X2; ð9Þ

where Fμν and F0
μν are the field strength tensors for the

SM photon and a new gauge boson X, respectively. After
rotating to the mass basis, the dark photon-SM fermion

coupling parameter is given by ϵ ¼ ϵ0 cos θW, cf. Eq. (8).
(See, e.g., Appendix A of Ref. [30] for a detailed
discussion.) The kinetic mixing parameter is naturally
small if it is induced by loops of new heavy charged
particles. After a field redefinition to remove the kinetic
mixing term, the dark photon A0 emerges as a physical mass
eigenstate that couples to the charged SM fermions propor-
tional to their charges through

L ⊃
1

2
m2

A0A02 − ϵe
X

f

qff̄=A0f: ð10Þ

The parameter space of the model is spanned by the dark
photon mass mA0 and the kinetic mixing parameter ϵ.

Production.—Light dark photons are mainly produced
through decays of light mesons, π, η → γA0 and
through dark bremsstrahlung. To a good approxima-
tion, these processes are suppressed by ϵ2 relative to
their SM counterparts.

Decay and lifetime.—Dark photons can decay into all
kinematically accessible light charged states, but,
especially for mA0 below a few hundred MeV, they
mainly decay into eþe− and μþμ− pairs. Heavier A0s
have various hadronic decay modes, but they are
typically dominated by decays into πþπ−. The decay
width is proportional to ϵ2. Thanks to this, dark
photons naturally have decay lengths that are large
enough for them to be observed in FASER, especially
when they are highly boosted by the large energies
they inherit from pp collisions at the LHC. The dark
photon decay length and branching fractions into
leptonic and hadronic final states are shown in the
left panel of Fig. 6, following Refs. [30,54].

FIG. 6. Benchmark model V1. The dark photon decay length (top left panel), its branching fractions into hadronic and leptonic final
states (bottom left panel) and FASER’s reach (right panel). In the right panel, the gray-shaded regions are excluded by current bounds,
and the projected future sensitivities of other experiments are shown as colored contours. See the text for details.

FASER’S PHYSICS REACH FOR LONG-LIVED PARTICLES PHYS. REV. D 99, 095011 (2019)

095011-9
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Search for invisible decays of the dark photon (in 
progress)

• Belle II will have unique sensitivity to regions of parameter 
space consistent with observed dark matter relic density. 
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• Challenge is understanding large backgrounds from 
, where one photon is missed in the 

detector. 
  - especially two body , which looks 
identical to a low-mass dark photon. Need 
quantitative prediction of this background. 

e+e− → γγ(γ)

e+e− → γγ
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Visible decays of the dark photon (in progress)

• A′ → e+e- search is focused on  MeV/c2.  

• ATOMKI has seen an anomaly in 8Be decay to e+e- that 
could be a 17 MeV/c2 dark photon. 
  - DarkLight 

• BaBar did not search in this mass range due to a large 
background from photon conversions to e+e- in .  

• Machine learning techniques to suppress this background 
seem promising. 

mA′￼
< 20

e+e− → γγ
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• A′ → μ+μ- approach is different from BaBar; no 
attempt to reconstruct the photon.  

• Slightly higher backgrounds, and slightly degraded 
mass resolution, but big increase in statistics.  

26

Chapter 6

Results and Discussion

6.1 Photon Detection E�ciency

As described in Section 1.2, photons are detected in Belle II’s ECL which unfortunately does
not have a complete solid angle coverage. Instead, only photons travelling with a theta angle
between 20� and 150� in the CMS frame will be detected in the ECL. Therefore, the photon
detection e�ciency is described as the percentage of photons detected relative to the total
number of photons. Figure 6.1 showcases the e�ciency in 1 GeV/c2 mass intervals of the
dimuon mass distribution, throughout the accessible mass range. This is calculated using the
true values of theta, as generated by the simulation. Whilst this helps categorize the limitations
of the detector, it also underscores the statistical advantages of excluding the photon from the
analysis, since the detection e�ciency is less than 40 % for majority of the mass range.

Figure 6.1: Plot of percentage of time the ISR photon is in the detector acceptance (20� <
✓�ISR < 150� in di↵erent mass intervals.

In addition, note that whilst the detection e�ciency drastically drops after 2 GeV/c2, as
expected by the kinematics of the ISR photon mentioned in Section 3.4, it begins to have
an upward trend after 5 GeV/c2. Although it isn’t immediately obvious, this is a result of the
correlation between the theta angle of the photon, ✓�ISR , and the theta angles of the two muons,
✓µ+ and ✓µ� . The detection e�ciency is highest when the theta angles of all three particles are
correlated and lowest when all three are uncorrelated.

The correlations between theta values are determined using Figure 6.2, where the first row
compares ✓µ� and ✓µ+ for each event and the second row compares ✓µ� and ✓�ISR . The columns
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Figure 5: Plot of percentage of time the ISR photon is in the detector acceptance 20→
< ωωISR < 150→ in

function of the hypothesis mass of the dark photon [48].
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Figure 6: Feynman diagrams of the main background processes e+
e

↑
µ

+
µ

↑(ε) (left) and ϑ
+
ϑ

↑(ε) (right).

9

fraction of ISR photons in detector acceptance vs dark photon mass

factor of 5 increase in stats
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Inelastic dark matter — semi-visible

• Dark photon could couple to a pair of particles . 
  -  is the astronomical dark matter; 
  -  is slightly heavier, and decays  
to  plus standard model particles.  

• Can explain the observed dark matter relic density, and 
also the lack of a signal in direct detection.

χ1χ2
χ1
χ2
χ1

27

production of heavier χ2 is 
kinematically forbidden for low-
momentum χ1.  
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• Signature is ISR photon plus displaced, non-pointing 
vertex. Not covered by previous searches.

28

iDM Update:  
Contro l  Sample?
T. LAM (ADVISED BY L. PIILONEN)
2025 OCTOBER 22 

1
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Inelastic dark matter plus dark Higgs at Belle II

• Assume that the dark sector includes a dark Higgs h′. 
Mixes with strength θ with the Higgs.

29

Belle II Detector (Torben Ferber) 14

χ1
χ2

χ1

e+
e-

Vertex detector

Drift chamber

Calorimeter

Muon system

iDM+Dark Higgs

h’

μ+ μ-

 not observableχ1

Supplementary information: Search for a dark Higgs boson produced in association547

with inelastic dark matter at the Belle II experiment548

This material is submitted as supplementary informa-549

tion for the Electronic Physics Auxiliary Publication Ser-550

vice.551

FEYNMAN DIAGRAM552

Feynman diagram depicting the search channel for A→
553

production in association with a h→ via e+e↑ → h→(→554

x+x↑)A→(→ ω1ω2(→ ω1e+e↑)) where x+x↑ indicates555

µ+µ↑, ε+ε↑, or K+K↑ is shown in Fig. S1.556

FIG. S1. Feynman diagram depicting the search channel for
A

→ production in association with a h
→ with subsequent decays

into both visible and dark sector states.

OBSERVED EVENTS557

We found 8 events in the ε+ε↑ final state, and 1 event558

in the K+K↑ final state passing all selection require-559

ments. The reconstructed h→ mass and vertex positions560

of the h→ and the ω2 for these events are summarized in561

Tab. I.562

Reconstructed h→ mass distributions for h→ → µ+µ↑,563

h→ → ε+ε↑, and h→ → K+K↑ are shown in Fig. S2.564

The same distributions but with a limited mass range565

around the K0
S veto region without the K0

S veto applied566

are shown in Fig. S3.567

TABLE I. Reconstructed h
→ mass and vertex positions of the

h
→ and the ω2 for all events passing the final event selection. z

and ε =
√

x2 + y2 are the longitudinal and transverse vertex
positions.

M(x+
x
↑) ε(h→) z(h→) ε(ω2) z(ω2) Final State

(in GeV/c2) (in cm) (in cm) (in cm) (in cm)

0.306 22.208 17.772 0.015 0.058 h
→ → ϑ

+
ϑ
↑

0.332 35.565 1.304 0.013 0.006 h
→ → ϑ

+
ϑ
↑

0.461 16.944 -9.659 0.006 -0.044 h
→ → ϑ

+
ϑ
↑

0.532 78.67 57.687 0.009 0.096 h
→ → ϑ

+
ϑ
↑

0.534 90.034 -0.179 30.308 41.711 h
→ → ϑ

+
ϑ
↑

0.558 41.612 -19.201 0.002 0.058 h
→ → ϑ

+
ϑ
↑

0.737 13.776 10.743 0.025 -0.04 h
→ → ϑ

+
ϑ
↑

0.861 0.08 0.16 0.795 0.341 h
→ → ϑ

+
ϑ
↑

1.455 13.334 21.314 0.011 -0.03 h
→ → K

+
K

↑

trigger on calorimeter energy 
from e+e-; displaced vertex 
trigger under development  

Duerr, Ferber et al, JHEP04 (2021) 146

reconstructs to 
h′ mass 
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• Very low backgrounds; displaced vertex plus 
energetic  pair with opening angle not consistent 
with a  conversion. 

e+e−

γ → e+e−

30

9 events observed, consistent 
with expected background. 
 
8 of 9 are π+π-  

Phys. Rev. Lett. 135 (2025) 131801

tracks close to the IP we instead correct for momentum-
dependent efficiency differences between data and simu-
lation, resulting in uncertainties at the level of 0.5% [48].
The uncertainties arising from PID are evaluated using the
processes eþe− → eþe−eþe−, eþe− → eþe−μþμ−, and
eþe− → μþμ−γ, as well as decays of K0

S or J=Ψ. For
electrons these uncertainties are typically at the level of 3%,
while uncertainties for μ, π, and K are below 1%. We
account for a lifetime-dependent effect on PID by intro-
ducing an additional systematic uncertainty, evaluated
using K0

S and Λ decays. For very displaced vertices, these
uncertainties can reach up to 10%. The uncertainty on the
luminosity is 0.47% [25]. The limited number of simulated
events for each signal configuration introduces systematic
uncertainties at the level of 1%–2% for most parameter
configurations but can reach up to 10% for very long
lifetimes. We verify that our interpolation procedure
between simulated mass points does not introduce a
significant additional uncertainty. We estimate the uncer-
tainty introduced by splitting the mass region in the πþπ−

final state by varying the split point to 0.9 GeV=c2

and 1.2 GeV=c2, respectively, and take the maximum
deviation from the nominal background level as the
uncertainty δ.
We find no events in the μþμ− final state, 8 events in the

πþπ− final state, and one event in the KþK− final state. The
Mðπþπ−Þ distribution in the h0 → πþπ− final state is shown
in Fig. 2, while the distributions for h0 → μþμ− and h0 →
KþK− are shown in the Supplemental Material [49]. The
statistical model used to compute the signal significances
and p values is discussed in Appendix A. The largest local
significance for the model-independent search is 2.9σ,
including systematic uncertainties, found near mðh0Þ ¼
0.531 GeV=c2 for the πþπ− final state for a lifetime of
cτ ¼ 1.0 cm. Taking into account the look-elsewhere effect
[50], this excess has a global significance of 1.1σ.

With the method described in Appendix B, we compute
95% Bayesian credibility level upper limits on σsig ¼
σprod × Bðχ2 → χ1eþe−Þ × Bðh0 → xþx−Þ using the
Bayesian Analysis Toolkit software package [51,52]. The
observed upper limits, including systematic uncertainties,
are shown in Supplemental Material [49]. Using a Jeffreys
prior [53] would decrease the upper limits on σsig by up to
30% with respect to the uniform prior. The systematic
uncertainties weaken the limits, with the largest increase of
2.5% occurring for heavy h0 with small lifetimes.
For the model-dependent interpretations, we multiply the

p values in all relevant and kinematically accessible
analysis channels, again separately for various lifetimes.
For the calculation of the model-dependent upper limits

on σprod × Bðχ2 → χ1eþe−Þ we multiply the individual
likelihoods weighted by the theoretical h0 branching
fractions from Ref. [54]. For each h0 mass value, we
determine the value of sin θ such that the resulting predicted
value of σprod × Bðχ2 → χ1eþe−Þ equals the 95% excluded
σprod × Bðχ2 → χ1eþe−Þ. To calculate the prediction, we
fix σprod and the χ2 branching fractions to the theoretical
values from Ref. [13] taking into account ISR. Figure 3
shows the observed upper limit on sin θ for one specific
choice of model parameters. Similarly, for each mðχ1Þ, we
determine the value of y such that the resulting predicted
value of σprod × Bðχ2 → χ1eþe−Þ, equals the 95% excluded
σprod × Bðχ2 → χ1eþe−Þ. Figure 4 shows the observed
upper limit on y for a specific choice of model parameters.

FIG. 2. Distribution of Mðπþπ−Þ together with the stacked
contributions from the various simulated SM background sam-
ples for h0 → πþπ− candidates. Simulation is normalized to a
luminosity of 365 fb−1.

FIG. 3. Exclusion regions at 95% credibility level in the plane
of the sine of the mixing angle θ and dark Higgs massmðh0Þ from
this work (teal) together with existing constraints at 90% con-
fidence level from PS191 [55], E949 [56], NA62 [57,58], KOTO
[16,59], KTeV [60], and BABAR [54,61], and at 95% confidence
level from MicroBooNE [16,62,63], L3 [16,64], CHARM
[54,65], LHCb [54,66,67], Belle II [68], and CMS [69] for
αD ¼ 0.1, mðA0Þ ¼ 3mðχ1Þ, Δm ¼ 0.4mðχ1Þ, ϵ ¼ 1.5 × 10−3,
and mðχ1Þ ¼ 2.5 GeV=c2. Constraints colored in gray with
dashed outline are reinterpretations not performed by the ex-
perimental collaborations. All constraints except for the one from
this work do not require the presence of a dark photon or iDM.
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Mðπþπ−Þ distribution in the h0 → πþπ− final state is shown
in Fig. 2, while the distributions for h0 → μþμ− and h0 →
KþK− are shown in the Supplemental Material [49]. The
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and p values is discussed in Appendix A. The largest local
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including systematic uncertainties, found near mðh0Þ ¼
0.531 GeV=c2 for the πþπ− final state for a lifetime of
cτ ¼ 1.0 cm. Taking into account the look-elsewhere effect
[50], this excess has a global significance of 1.1σ.

With the method described in Appendix B, we compute
95% Bayesian credibility level upper limits on σsig ¼
σprod × Bðχ2 → χ1eþe−Þ × Bðh0 → xþx−Þ using the
Bayesian Analysis Toolkit software package [51,52]. The
observed upper limits, including systematic uncertainties,
are shown in Supplemental Material [49]. Using a Jeffreys
prior [53] would decrease the upper limits on σsig by up to
30% with respect to the uniform prior. The systematic
uncertainties weaken the limits, with the largest increase of
2.5% occurring for heavy h0 with small lifetimes.
For the model-dependent interpretations, we multiply the

p values in all relevant and kinematically accessible
analysis channels, again separately for various lifetimes.
For the calculation of the model-dependent upper limits

on σprod × Bðχ2 → χ1eþe−Þ we multiply the individual
likelihoods weighted by the theoretical h0 branching
fractions from Ref. [54]. For each h0 mass value, we
determine the value of sin θ such that the resulting predicted
value of σprod × Bðχ2 → χ1eþe−Þ equals the 95% excluded
σprod × Bðχ2 → χ1eþe−Þ. To calculate the prediction, we
fix σprod and the χ2 branching fractions to the theoretical
values from Ref. [13] taking into account ISR. Figure 3
shows the observed upper limit on sin θ for one specific
choice of model parameters. Similarly, for each mðχ1Þ, we
determine the value of y such that the resulting predicted
value of σprod × Bðχ2 → χ1eþe−Þ, equals the 95% excluded
σprod × Bðχ2 → χ1eþe−Þ. Figure 4 shows the observed
upper limit on y for a specific choice of model parameters.

FIG. 2. Distribution of Mðπþπ−Þ together with the stacked
contributions from the various simulated SM background sam-
ples for h0 → πþπ− candidates. Simulation is normalized to a
luminosity of 365 fb−1.

FIG. 3. Exclusion regions at 95% credibility level in the plane
of the sine of the mixing angle θ and dark Higgs massmðh0Þ from
this work (teal) together with existing constraints at 90% con-
fidence level from PS191 [55], E949 [56], NA62 [57,58], KOTO
[16,59], KTeV [60], and BABAR [54,61], and at 95% confidence
level from MicroBooNE [16,62,63], L3 [16,64], CHARM
[54,65], LHCb [54,66,67], Belle II [68], and CMS [69] for
αD ¼ 0.1, mðA0Þ ¼ 3mðχ1Þ, Δm ¼ 0.4mðχ1Þ, ϵ ¼ 1.5 × 10−3,
and mðχ1Þ ¼ 2.5 GeV=c2. Constraints colored in gray with
dashed outline are reinterpretations not performed by the ex-
perimental collaborations. All constraints except for the one from
this work do not require the presence of a dark photon or iDM.
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non-Belle II limits do 
not require A′ or iDM
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Lμ - Lτ Z′ 
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The Lμ - Lτ model

• I motivated this talk with dark matter. But perhaps there 
are other hints of new physics. 

• Muon anomalous magnetic moment ; 

• Observables in the B system, e.g. angular distributions 
in .  

• The Lμ - Lτ model includes a gauge boson Z′ that 
couples only to mu or tau leptons or neutrinos. 
  - could also couple to dark matter. 

(g − 2)μ

B → K(*)μ+μ−
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Search for a  resonance in four-muon final 
states at Belle II

μ+μ−

• Search for resonance in 4μ events. 

• Same signature for muonphilic scalar. 
Created to explain (g-2)μ.  

• Large standard model production of :e+e− → μ+μ−μ+μ−

33

subdominant, 
but kinematically 
similar to signal 

PRD 109, 112015 (2024)
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• Key: exploit kinematic differences 
between the signal (i.e. final state 
radiation) and most of the 
background in a neural net.  
  - trained on Z′, applied to scalar. 
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background peaks at 
highest momentum
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• Z′ limits are comparable to BaBar with 1/3rd of the 
luminosity due to machine learning discriminator.  

• First limits on muonphilic scalar; exclude part of (g-2)μ 
parameter space. 
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Search for an Invisible Z0 in a Final State with Two 
Muons and Missing Energy at Belle II

• Signature: pair of muons with missing mass = . 

• Backgrounds: 
  - , with both ; 
  - ; 
  - ; 
  - ; 

• As for the visible case, train neural net to identify 
characteristic kinematics. 

mZ′￼

τ+τ− τ → μνν̄
μ+μ−γ
μ+μ−γγ
μ+μ−e+e−
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Figure 1: Squared recoil mass spectrum of the µ+µ� sample, compared with the stacked
contributions from the different simulated background samples normalized to the inte-
grated luminosity.

into account important experimental details or rely on questioned theoretical assump-235

tions (as discussed in Ref. [18, 42]). Additional plots, including the indirect constraints236

from neutrino experiments, and the detailed numerical results are in the supplemental237

material [43].238

For the fully invisible case, we also consider the scenario in which �Z0 is not negligible,239

as predicted in some alternative models [9], and assume �Z0 = 0.1MZ0 or �Z0 = 0.15MZ0 .240

We reinterpret our results for these benchmark scenarios by changing the shape of the241

signal templates to a Breit-Wigner distribution of width �Z0 convolved with a Gaussian242

resolution function. In this case, we only use one-dimensional M2
recoil templates and enlarge243

the search windows to capture the sizable Z 0 peak width. All other aspects of the analysis244

are unchanged. The resulting limits for these scenarios are reported in the supplemental245

material [43].246

In summary, we search for an invisibly decaying Z 0 boson in the process e+e� !247

µ+µ�Z 0, using 79.7 fb�1 of data collected by Belle II at SuperKEKB in 2019–2020. We248

find no significant excess above the expected background and set 90% CL upper limits249

on the coupling constant g0 ranging from 3 ⇥ 10�3 at low Z 0 masses to 1 for masses at250

8 GeV/c2. These are world-leading direct-search results for Z 0 masses above 11.5 MeV/c2251

in the Lµ�L⌧ fully invisible model and for masses in the range 11.5 to 211 MeV/c2 in the252

Lµ�L⌧ vanilla model. These limits are the first direct-search results that exclude at 90%253

6

Figure S2: Distribution of (top) expected background events and (bottom) data across
the ✓ c.m.

recoil versus M2
recoil plane after all the analysis selections.
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invisible results,  Z′￼ → ℬ(Z′￼ → invisible) = 1

• Fit 2D distribution  vs ; no excess observed.θcm
recoil M2

recoil

38

• For Z′ → SM, limits from muons are much better, except 
below . 

• Current iteration uses muon system to veto missed γ. 

2mμ

Z′
–μ

 c
ou

pl
in

g

models, we focus on the direct-search results and do not
show constraints obtained from reanalyses of data from
neutrino experiments [7,48,49].
Figure 3 presents limits in the fully invisible Lμ − Lτ

model for the cases of negligible and non-negligible ΓZ0 .
For the case of negligible ΓZ0 , these constraints hold for
MZ0 ≲ 6.5 GeV=c2. Above this mass, there is no value of
αD that produces both a negligible width and
BðZ0 → χχ̄Þ ≈ 1, given the values of g0 being probed.
Numerical values in Fig. 3 can still be used, but need to
be rescaled by 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðZ0 → χχ̄Þ

p
, which depends on αD. We

also show limits from NA64-e [25] and the previous Belle
II search [26]. Our results are world-leading for direct
searches of Z0 with masses above 11.5 MeV=c2. They are
the first direct-search results to exclude at 90% C.L. the
fully invisible-Z0 model as an explanation of the ðg − 2Þμ
anomaly for 0.8 < MZ0 < 5.0 GeV=c2.
Figure 4 presents limits in the vanilla Lμ − Lτ model.

Our results are world leading for direct searches of Z0 in the
mass range 11.5 to 211 MeV=c2. More stringent limits are
from NA64-e [26] below 11 MeV=c2 and from Belle [22],
BABAR [21], and CMS [23] searches for Z0 → μþμ−

above 211 MeV=c2.
Additional plots, including indirect constraints from

neutrino experiments and detailed numerical results, are
provided in the Supplemental Material [50].
In summary, we search for an invisibly decaying Z0

boson in the process eþe− → μþμ−Z0 using data corre-
sponding to 79.7 fb−1 collected by Belle II at SuperKEKB
in 2019–2020. We find no significant excess above the
expected background and set 90% C.L. upper limits on the

coupling g0 ranging from 3 × 10−3 at low Z0 masses to 1 for
a mass of 8 GeV=c2. These are world-leading direct-search
results for Z0 masses above 11.5 MeV=c2 in the fully
invisible Lμ − Lτ model and for masses in the range 11.5 to
211 MeV=c2 in the vanilla Lμ − Lτ model. These limits are
the first direct-search results excluding a fully invisible-
Z0-boson model as an explanation of the ðg − 2Þμ anomaly
for 0.8 < MZ0 < 5.0 GeV=c2.
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FIG. 3. Observed 90% C.L. upper limits on the coupling g0 for
the fully invisible Lμ − Lτ model as functions of the Z0 mass for
the cases of negligible ΓZ0 and for ΓZ0 ¼ 0.1MZ0. Also shown are
previous limits from NA64-e [25] and Belle II [26] searches. The
red band shows the region that explains the measured value of
the muon anomalous magnetic moment ðg − 2Þμ % 2σ [2]. The
vertical dashed line indicates the limit beyond which the
hypothesis BðZ0 → χχ̄Þ ≈ 1 is not respected in the negligible
ΓZ0 case.

FIG. 4. Observed 90% C.L. upper limits on the coupling g0 for
the vanilla Lμ − Lτ model as functions of the Z0 mass. Also
shown are previous limits from Belle II [26] and NA64-e [25]
searches for invisible Z0 decays, and from Belle [22], BABAR
[21], and CMS [23] searches for Z0 decays to muons (at 95%
C.L.). The red band shows the region that explains the muon
anomalous magnetic moment ðg − 2Þμ % 2σ [2].

PHYSICAL REVIEW LETTERS 130, 231801 (2023)

231801-6

Excludes (g-2)μ parameter space 
for 0.8 < MZ′ < 5.0 GeV/c2. 

Phys. Rev. Lett. 130 (2023) 231801
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Z′ results, Z′ → standard model only

• If Z′ decays only to standard model particles, limits 
improved below 2mμ.

39
Figure 4: Observed 90% CL upper limits on the coupling constant g0 for the Lµ�L⌧ vanilla
model as a function of the Z 0 mass. Also shown are previous limits from Belle II [19] and
NA64-e [18] searches for invisible Z 0 decays, and from Belle [16], BaBar [15] and CMS [17]
(95% CL) searches for Z 0 decays to muons. The red band shows the region that could
explain the muon anomalous magnetic moment (g � 2)µ ± 2� [2].
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Axion-like particles
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Axion-like particles

• Axions were proposed to explain why QCD does not 
violate CP. Axion-like particles have the same quantum 
numbers, but wider range of masses and couplings, 
typically to standard model gauge bosons.  

• Could be the mediator to dark matter. 
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Search for Axion-like Particles Produced in e+e− 
Collisions at Belle II

• Assumes coupling to photons is dominant. 

• 3γ add up to full center-of-mass energy; 
2 of which add up to axion-like-particle 
mass. Large background from e+e- → γγγ, 
but no peak in the 2γ spectrum.

42
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• New results with 900× the data will be public before 
summer. 

43

Belle II limits with 
0.01% of final data set

Search for  at Belle IIe+e− → aγ, a → γ γ05.11.2025

Upper Limit

Calculated upper limit at 95% CL 
• For  assuming BF( )=1 
• From the cross-section, we can also calculate the UL on the 

ALP photon coupling: 

 

Results for  

•  
• Weaker limits than heavy-ion limits 

•  
• World-leading results with an improvement of a factor of up 

to 8-9 
•  

• Weaker limit than the newest BESIII result (our highest local 
significance coincides with their lowest local significance)

π(e+e− → γa, a → γγ) a → γγ

π =
g2

aγγη
24 (1 − m2

a

s )
3

gaγγ

ma ℒ [5.0,9.8] GeV/c2

ma ℒ [0.17,5.0] GeV/c2

ma ∈ 0.22 GeV/c2
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Search for an Axion-Like Particle in , 
 Decays at Belle

B → K(*)a
a → γγ

• Dominant coupling is to the . 

• Four modes: . 

• Machine learning methods to suppress γ from π0.  

• Efficiency degrades at 
low  due to ALP 
lifetime.  

W

K+, K0
s , K*0, K*+

gaW

44
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ωa

W

B K

Figure 1: The Feynman diagram for a B → K(→)a(→ ωω) decay.

The coupling of the ALP to W± bosons is described by the Lagrangian [28],

L = ↑
gaW
4

aWµωW̃
µω , (1.1)

where a is the ALP field, gaW is the coupling strength of the a to W bosons, and Wµω is

the gauge boson field strength for a W boson, with dual tensor W̃µω = εµωεϑWεϑ/2, where

εµωεϑ is the four-dimensional Levi-Civita symbol. The branching fraction of the process

B → K(→)a(→ ωω), which is shown in Fig. 1, depends quadratically on gaW (see the details

in the Appendix A), reflecting the fact that the ALP decay width is given by

! =
1

ϑa
= g2aWm3

a sin
4 ϖW /64ϱ , (1.2)

where ϖW is the weak mixing angle, and ϑa is the ALP lifetime [29].

In this paper, we report a search for ALPs in B → K(→)a(→ ωω) decays using four kaon

modes, K0
S , K

+, K→0, and K→+. The data were collected with the Belle detector [30] at

the asymmetric-energy e+e↑ KEKB collider [31], operating at a centre-of-mass energy of

10.58GeV, corresponding to the ς (4S) resonance in e+e↑ collisions. This search is based

on a data set of 772± 11 million ς (4S) mesons, corresponding to an integrated luminosity

of 711 fb↑1. Our study has better sensitivity than the previous BABAR study, leveraging the

higher total integrated luminosity of the Belle experiment, as well as additional kaon modes.

The ALP mass hypotheses for the K+ and K0
S modes range from 0.16GeV to 4.50GeV,

while for the K→+ and K→0 modes the range is 0.16GeV to 4.20GeV. This analysis also

probes regions of parameter space in which the ALP lifetime is non-negligible, leading to

displaced decays a few centimetres from the interaction point. Once we obtain the results

separately for each mode, we combine the four kaon modes using a simultaneous fit to

improve the constraint on gaW .

2 The Belle detector and simulation

The Belle detector is a general purpose detector, described in detail in [30]. It has a

cylindrical symmetry around the beam line, with the z-axis being defined as the direction
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Figure 5. The 90% CL upper limits on the coupling gaW from a simultaneous fit to the four
B → K(∗)a modes as a function of the ALP mass, compared with existing constraints [28, 29, 61, 62].

7 Result and conclusion

We report a search for an axion-like particle in B → K(∗)a(→ ωω) decays using a 711 fb−1

data sample collected by the Belle experiment at the KEKB e+e− collider at a centre-of-mass
energy of 10.58GeV. We search for the decay of the axion-like particle into a pair of photons,
a → ωω, and explore four kaon modes, K0

S , K+, K∗0 and K∗+. We scan the two-photon
invariant mass in the range 0.16GeV–4.50GeV for the K modes and 0.16GeV–4.20GeV for
the K∗ modes. No significant signal is observed in any of the modes. Figure 5 shows the
resulting 90% confidence level upper limits on the gaW coupling as a function of ma, derived
from the combination of four kaon modes. The limits are 3 × 10−6GeV−1 for the ALP mass
hypotheses above 2.0GeV, increasing to 3 × 10−5GeV−1 at the lowest ALP mass. This trend
is due to the increase in the lifetime, which leads to a lower signal efficiency. Figure 5 also
shows the constraints derived from the NA62 K+ → ε+ + invisible search [61]. Based on the
methodology presented in ref. [62] we reinterpret the NA62 results on a dark scalar decaying
to SM particles as limits on ALPs. The constraints on the coupling of the axion-like particle
to electroweak gauge bosons gaW are improved by a factor of two compared to the most
stringent previous experimental results. [29]
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• Two body decay to SM + invisible: 
  -   
  - long-lived or invisible ALP, dark  
scalar, dark baryon.  

• Fully reconstruct the non-signal B (Philipp Horak, this 
afternoon). Signal is a peak in the momentum of the 
visible daughter in Bsignal frame. 

π+, K+, D+
s , D0, p

Motivation
➢Many new physics models predict two-

body 𝐵 decays:
➢ Axion-like particles [1-2]
➢ Dark scalars [3]
➢ Dark photon/𝑍′ [4]
➢ Dark baryons [5]

➢ In general – 𝐵 factories can explore a 
mass region up to a few GeV

➢ Some literature:
[1] 10.1103/PhysRevLett.118.111802 “Searching for Axionlike Particles in 
Flavor-Changing Neutral Current Processes”
[2] 10.1103/PhysRevD.109.016008 “Belle II observation prospects for 
axion-like particle production from 𝐵 meson annihilation decay”
[3] 10.1103/PhysRevD.101.095006 “Probing dark sectors with long-lived 
particles at Belle II”
[4] 10.1007/JHEP03%282023%29108 “Dark photon and dark 𝑍 mediated 𝐵
meson decays”
[5] 10.1103/PhysRevD.104.035028 “Collider signals of baryogenesis and 
dark matter from 𝐵 mesons: A roadmap to discovery”

2

A search for feebly-interacting particles in B decays 
with missing energy at Belle

45
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• Limits from  are especially interesting, 
given Belle II possible excess in . 
  - unfortunately, interesting region near 2 GeV/c2 is 
excluded due to backgrounds from . 

B+ → K+Xinv
B+ → K+νν̄

B+ → K+D(*)
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Summary

• Belle II is producing world-cases dark sector results due 
to an open trigger, excellent detector, and advanced 
analysis techniques. 

• Current luminosity exceeds BaBar, and we hope to reach 
Belle this year. Starting to look towards long shutdown 2.  

• We are always on the look out for new ideas!
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